Myosin V is a two-headed molecular motor that binds six light chains per heavy chain, which creates unusually long lever arms. This motor moves processively along its actin track in discrete 36-nm steps. Our model is that one head of the two-headed myosin V tightly binds to actin and swings its long lever arm through a large angle, providing a stroke. We created single-headed constructs with different-size lever arms and show that stroke size is proportional to lever arm length. In a two-headed molecule, the stroke provides the directional bias, after which the unbound head diffuses to find its binding site, 36 nm forward. Our two-headed construct with all six light chains per head reconstitutes the 36-nm processive step seen in tissue-purified myosin V. Two-headed myosin V molecules with only four light chains per head are still processive, but their step size is reduced to 24 nm. A further reduction in the length of the lever arms to one light chain per head results in a motor that is unable to walk processively. This motor produces single small Ϸ6-nm strokes, and ATPase and pyrene actin quench measurements show that only one of the heads of this dimer rapidly binds to actin for a given binding event. These data show that for myosin V with its normal proximal tail domain, both heads and a long lever arm are required for large, processive steps.
M
yosin V is an actin-based motor (1) that has been implicated in several forms of organelle transport (2) . It is a two-headed motor. Each head consists of a catalytic domain, which contains the ATPase and actin-binding activities, followed by an extended domain with six light-chain binding sites (IQ repeats). The light-chain binding domain is also referred to as the lever arm (3) (4) (5) . The two heads are held together by the proximal tail, which is a coiled coil. The remaining distal tail is a putative cargo binding domain (6) . Unlike muscle myosin II, which depends on large arrays for function, myosin V can move cargo as a single molecule by processively stepping along actin (7) . Processivity means that one molecule can undergo multiple productive catalytic cycles and associated mechanical steps before it detaches from its track. Single-molecule analysis reveals that each catalytic cycle consists of a discrete displacement followed by an ADP release limited dwell (8) . Multiple cycles produce staircases in single-molecule traces.
To understand the mechanism for chemomechanical transduction, one must decipher the roles of the various domains of the molecule. Evidence shows that myosins function by swinging the extended lever-arm domain, whereas the catalytic domain is bound to actin (3-5). As described above, myosin V has a large lever arm, consisting of six light-chain binding domains. Single molecules of native myosin V and a truncated heavy meromyosin (HMM) version expressed in baculovirus take Ϸ36-nm steps and move processively along actin (7) (8) (9) (10) . We hypothesize that myosin V is able to take processive 36-nm steps by walking along the actin filament hand over hand. Myosin V has been shown by electron microscopy to span a 36-nm pseudorepeat of the actin filament (11) . The 36-nm step consists of an Ϸ20-nm power stroke; the remainder of the step comes from a diffusive search (10, 12) . A nucleotide-dependent conformational change in the protein swings the lever arm, producing the power stroke.
Recently, Tanaka et al. (13) constructed a chimeric molecule consisting of the myosin V catalytic domain, a single IQ repeat of the light-chain binding domain, and a portion of smooth muscle myosin rod. They report that this chimera produced staircases with Ϸ30-nm steps. Because this size is close to the value for a myosin V with a full 6IQ lever arm, they concluded that the large step size requires only the catalytic domain and that native myosin V does not use a swinging lever arm to generate a large step in motion. They argue that the motion is completely driven by Brownian motion of the myosin that is captured by the polar actin filament.
In the present study we further explore the role of the light-chain binding domain of myosin V as a lever arm to produce large steps along actin. We use a simplified surface attachment and a laser trap to measure the step sizes and processivity of single-and double-headed myosin V with either a WT lever arm with 6IQ repeats or a shortened lever arm with either 4IQ repeats or a single IQ repeat. The surface attachment consists of monoclonal anti-GFP bound to the surface. This antibody links to GFP fused at the C terminus of a myosin V that has been truncated to form a HMM-like molecule. By analogy to myosin II, HMM consists of the motor domain and a sufficient amount of the coiled-coil tail domain to ensure dimerization. The 4IQ construct was generated by deletion of the fifth and sixth IQ motifs from the myosin V-6IQ-HMM. Similarly, the 1IQ construct was generated by deletion of the second through sixth IQ motifs. Thus, the normal proximal myosin V tail is present in all of the two-headed species examined. Single-headed species were made by removing the coiled coil and directly fusing the motor domain to GFP.
Materials and Methods
Baculovirus Expression of Constructs. Chicken myosin V cDNA was expressed in six forms (Fig. 1A) . The constructs were based on the previously described two-headed (HMM-like) myosin construct, myosin V-6IQ-HMM (9) . The construct was used to create a recombinant baculovirus used for coexpression in SF9 cells with calmodulin and essential light chains (9) . By using the methodology detailed by Sweeney et al. (14) , purified myosin V protein was obtained. This myosin V-6IQ-HMM heavy chain was truncated at Glu-1099. A leucine zipper (GCN4) was added after the native myosin coiled coil to ensure dimerization, followed by enhanced GFP and a FLAG tag to facilitate purification. Myosin V-4IQ-HMM and myosin V-1IQ-HMM constructs were made in the same manner, except either two or five of the six IQ motifs were removed, respectively. For the myosin V-4IQ-HMM, the heavy chain was truncated at Arg-863 and joined to heavy-chain residue Ile-911, thus removing IQ motifs 5 and 6. For myosin V-1IQ-HMM, the heavy chain was truncated at Arg-791 and joined to heavy-chain residue Ile-911, thus removing IQ motifs 2-6.
For the single-headed (S1-like) constructs, the coiled coil was removed and a 15-aa linker preceded the GFP-Flag. The linker sequence (GEQKLISEERMRRGG) was added after heavychain amino acid Arg-791 to create myosin V-1IQ-S1, after Arg-863 to create myosin V-4IQ-S1, and after Lys-910 to create myosin V-61Q-S1. Recombinant baculoviruses were generated, and expression and purification was as for the HMM species.
All constructs produced smooth, continuous movement in in vitro motility assays, indicating very few inactivated heads.
Flow Cell Preparation. All trap and in vitro motility assays were performed in flow cells prepared as described (9) . Assay buffer included 25 mM imidazole HCl (pH 7.4), 25 mM KCl, 5 M calmodulin, 1 mM EGTA, 10 mM DTT, and 4 mM MgCl 2 ; an oxygen-scavenging system to retard photobleaching (25 g⅐ml Ϫ1 glucose oxidase, 45 g⅐ml Ϫ1 catalase, and 1% glucose); and an ATP regeneration system (0.1 mg⅐ml Ϫ1 creatine phosphokinase, 1 mM creatine phosphate). In vitro motility and trap assays on processive staircases were performed in 2 mM ATP. Singlestepping nonprocessive trap assays used 0.5-20 M ATP.
Motors were adsorbed to a nitrocellulose coverslip by a specific surface attachment with monoclonal anti-GFP antibody (3E6, Qbiogene). After treatment with antibody (0.05 mg͞ml), the surface was blocked by additional treatment with 1 mg͞ml BSA. Dilutions of motor were then flown into the cell.
Optical Trap. Optical trap assays were performed as described (9, 15) . For nonfeedback experiments the actin was stretched taut; that is, stretched until moving one bead with the laser beam pulled the other bead approximately the same distance.
Biotinylated actin filaments were stretched between two trapped 1-m-diameter polystyrene beads coated with streptavidin to form a dumbbell. Actin dumbbells were brought into contact with myosin adsorbed to 1.5-m glass beads that were tightly adhered to the surface of the flow cell.
Processive steps were identified by eye and calculated as the difference in mean position before and after the step. For nonprocessive motors, binding events were selected by two Variance, which is inversely proportional to the net stiffness of all attachments to the bead, is calculated over a 1-ms window. Decreases in variance correspond to the increased stiffness of the system due to actin binding to a motor on the surface. One source of the apparent wide distribution of single-step sizes is caused by randomness in the starting position of the actin filament due to Brownian motion before myosin binding (16) . methods. One method involved identification of drops in the variance of bead position that arises from increased stiffness due to surface attachment ( Fig. 2) (16) . The second method involved identification of drops in the bead-bead correlation of Brownian motion due to mechanical isolation of the two beads (17) . Stroke size was calculated as the difference between mean bead displacement during the binding event and mean bead location 0.1 s before and after the event. Stroke size results were pooled from 4-9 separate experiments to control for systematic variation in the availability of myosin binding sites on the suspended actin filament (18) . The ATP concentration was lowered to 0.5-20 M to extend binding events, making them easier to identify. Transient Kinetics. Kinetic measurements were performed as described (19) at 25°C by using an Applied Photophysics SX.18MV Stopped-Flow Spectrometer (Surrey, U.K.). Pyrene actin, prepared as described (20) , was excited at 365 nm and the fluorescence measured by using a 400-nm long-pass filter. The rate of myosin V binding to actin was determined in KMg50 buffer and included 250 M MgADP.
Results
We made the constructs shown in Fig. 1 A to test the effect of lever arm length on the step size that myosin V can produce. We used the dual-beam laser trap method (21, 22) (Fig. 1B) to measure the step size of single molecules. The myosin concentration was adjusted until 5-30% of the platforms tested showed myosin activity. MV-6IQ-HMM behaved like WT tissue-purified myosin V (7) (Fig. 2 A) . After binding to the actin dumbbell, the MV-6IQ-HMM took several discrete steps producing a staircase. Step size is proportional to lever arm length. The mean of each histogram from A is plotted against lever arm length, showing the dependence of step size on lever arm length.
The motor took three or four steps until the motor stalled against the force of the stationary trap. Single molecules of MV-4IQ-HMM also produced staircases on binding to actin (Fig. 2B) . In a stationary trap, the amplitude of each bead displacement for the 4IQ motor averaged 19 nm, compared with 28 nm for MV-6IQ-HMM (Fig. 3) . These values are an underestimate of the true step size because each step results in greater backward force, stretching out compliant elements in the motor and actin-bead dumbbell. To measure the true step of each motor quantitatively, the backward force was held constant at 1 pN by using a feedback-controlled trap (9) . Under these conditions, the MV-6IQ-HMM produced a mean 35-nm step, whereas the MV-4IQ-HMM averaged 24 nm (Fig. 3) .
MV-1IQ-HMM did not produce staircases, indicating that this construct does not show processive movement. Essentially all binding events consisted of a single stroke followed by dissociation of the motor (Fig. 2C) . The lack of staircases was also observed for all of the single-headed constructs (Fig. 2 D-F) . The amplitude of strokes for MV-1IQ-HMM was very close to the single-headed MV-1IQ-S1 construct (5 and 7 nm, respectively). MV-4IQ-S1 produced a larger, 16-nm stroke, and MV-6IQ-S1 had a 20-nm stroke. This value for myosin V S1 with all six IQ repeats is very close to a previously reported value of 19 nm (10).
ATPase and Pyrene Quench Measurements Reveal Half-Site Reactivity.
The inability of the two-headed 1-IQ motif myosin V construct to move processively and the similarity in its stroke size to that of the single-headed 1-IQ motif construct suggested that one of the two heads in this two-headed construct may be blocked. We therefore tested it for half-site reactivity by using actin-activated ATPase (Fig. 4A) . The single-headed MV-1IQ-S1 hydrolyzed ATP at 18.6 s
Ϫ1
per head (K m ϭ 3.9 M actin), whereas the two-headed MV-1IQ-HMM hydrolyzed ATP at 9.5 s
per head (K m ϭ 2.0 M actin), indicating only one head of the MV-1IQ-HMM is active at any one moment.
To determine directly whether one or both heads of the two-headed 1-IQ myosin V construct bound to actin, we measured the rate of myosin V binding to pyrene-labeled actin. The initial rate of pyrene actin quenching was measured after mixing with either the one-headed myosin V 1-IQ or the two-headed myosin V 1-IQ (Fig. 4C) . The apparent second-order rate constant for both constructs was similar, 6.5 ϫ 10 for the oneheaded construct. However, the amplitude of the initial quenching for the two-headed construct (on a per-head basis) was approximately half that of the one-headed construct. Furthermore, examination of the traces for the two-headed construct revealed an additional slow quench in the pyrene fluorescence (Fig. 4B) , which was observed only with the two-headed construct, at all actin concentrations, with an actin-independent rate of 0.015 Ϯ 0.003 s
, suggesting asymmetric binding of two heads. The amplitudes of the fast and slow fluorescence changes were similar, indicating that once the first head binds, the second head's binding is inhibited by steric constraints and binds to the actin more slowly.
Discussion
Myosin V processive stepping consists of discrete 36-nm displacements. Our experiments seek to test the importance of the lever arm for those steps and determine the mechanism of stepping. Myosin V has an extended light-chain binding domain compared with myosin II. One model is that the molecule swings this domain as a lever and therefore positions the unbound head over the next actin-binding site. Tanaka et al. (13) propose a lever arm-independent model in which the motor domain slides along the actin filament, resulting in a 36-nm step.
Our data strongly support the model that the lever arm is critical for the 36-nm step of myosin V. Our 6IQ-HMM construct reconstitutes the activity of the native motor purified from tissue. A myosin V with only four light-chain binding motifs steps processively with a 24-nm step, which is proportional to the reduction in the length of the lever arm. Furthermore, the myosin V with only one light-chain binding motif abolishes processive movement and further reduces the apparent step size (stroke) to Ϸ6 nm. Thus, a correlation exists between lever arm length and step size. This correlation also is seen in the stroke size of the single-headed constructs. For the 6IQ-S1, the stroke was 20 nm, whereas it was 16 nm for the 4IQ-S1 and 7 nm for the 1IQ-S1. Thus, the stroke size clearly decreases as lever arm length decreases.
Our data are consistent with the following model for native myosin V stepping. The step begins with a head in a prestroke state tightly binding actin at a specific site. This tightly bound head then undergoes a conformational change (stroke) with the lever arm swinging to a poststroke state. This conformational change swings the unbound, rear head forward, allowing it to bind to a site on the actin filament that is 36 nm in front of the first head.
The reduced length of the 4IQ lever arm results in a reduced step size. Note that the distribution of step sizes in the histogram in Fig.  3 is broader for the 4IQ-HMM than the 6IQ-HMM construct under constant force in the feedback-controlled trap. The structure of the myosin V molecule is likely to have evolved to bring the unbound head into contact with a binding site on actin that has the same azimuthal orientation as that of the tightly bound head (Fig. 5A) , which allows the myosin V to efficiently and accurately follow the 36-nm pseudorepeat of actin, generating highly reproducible steps. Although it is processive, the MV-4IQ-HMM is forced to rotate about the axis of the actin filament to find an available actin-binding site (Fig. 5B ). This unnatural constraint may result in a wider range of step sizes.
It is not surprising that the MV-1IQ-HMM motor does not produce staircases under single-molecule conditions. Simultaneous binding of two heads is essential for a hand-over-hand lever arm model, and the structural constraints of this construct make it unlikely that both heads can easily bind (Fig. 5C) . Indeed, our data show that the second head of the MV-1IQ-HMM is unable to bind rapidly to the actin. This structural constraint probably lies in the connection between the catalytic domain (red, Fig. 5 ) and the first light-chain-bound IQ motif (orange, Fig. 5 ). It seems plausible that the movement of the first light-chain domain relative to the catalytic domain has evolved to swing through an arc that is parallel to the long axis of the actin filament and gives the motor directionality as it swings from its prestroke state to its poststroke state. This constraint prevents the 1IQ from finding a binding site that is outside the plane of this rotation. The additional light-chain binding domains in the 4IQ construct (Fig. 5C ) provide the necessary flexibility for the second head to find its site.
In contrast to our results, Tanaka et al. (13) observed large steps from a two-headed myosin V with a single IQ repeat per head. Their construct was a fusion of the myosin V motor domain with one IQ repeat to a portion of the smooth muscle myosin rod. Their large steps were in the context of a much wider distribution of step sizes than observed with native myosin V. It is possible that compliant elements somewhere in their chimeric construct allow what would be a naturally smaller step size to be augmented by a large diffusional search, producing their observed wide distribution of steps, including large steps.
All of the two-headed constructs reported here were created by simply selectively removing light-chain binding domains from the myosin V, leaving the catalytic and proximal tail dimerization domains intact. Consistent with the lever arm hypothesis, these constructs produced step sizes that are proportional to lever arm length. In summary, our results strongly support the hypothesis that the lever arm plays a significant role in the large, processive step of native myosin V. . The unbound head is not positioned so that a binding site is immediately available. The geometry of the actin filament dictates that some portion of the myosin molecule must distort to bind both heads at once. It is possible that the lever arm elastically bends to achieve this conformation (Right). (C) The 1IQ-HMM is shown bound by one head to an actin filament. The second head can bind only if considerable distortion exists in the myosin. These extreme conformations are likely to be rare, accounting for the fact that the second head binds to actin many orders of magnitude slower than the first head.
